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The directed cell-to-cell transport of the phytohor-
mone auxin by efflux and influx transporters is essen-
tial for proper plant growth and development. Like
auxin efflux facilitators of the PIN-FORMED (PIN)
family, D6 PROTEIN KINASE (D6PK) from Arabidop-
sis thaliana localizes to the basal plasma membrane
of many cells, and evidence exists that D6PK may
directly phosphorylate PINs. We find that D6PK is
a membrane-bound protein that is associated with
either the basal domain of the plasma membrane or
endomembranes. Inhibition of the trafficking regu-
lator GNOM leads to a rapid internalization of D6PK
to endomembranes. Interestingly, the dissociation
of D6PK from the plasma membrane is also pro-
moted by auxin. Surprisingly, we find that auxin
transport-dependent tropic responses are critically
and reversibly controlled by D6PK and D6PK-depen-
dent PIN phosphorylation at the plasma membrane.
We conclude that D6PK abundance at the plasma
membrane and likely D6PK-dependent PIN phos-
phorylation are prerequisites for PIN-mediated auxin
transport.
INTRODUCTION
The phytohormone auxin controls virtually all aspects of plant
growth and development. Auxin is transported from cell to cell
from sites of synthesis to sites of action via a system of auxin
influx and efflux carriers (Kleine-Vehn and Friml, 2008; Teale
et al., 2006). A subset of the PIN-formed (PIN) proteins, namely
PIN1-PIN4 and PIN7, are the proposed plasma membrane auxin
efflux facilitators in Arabidopsis thaliana (Friml et al., 2002; Ga¨l-
weiler et al., 1998; Mu¨ller et al., 1998; Wisniewska et al., 2006).
PINs are asymmetrically distributed in the plasma membrane
of many cells and they constantly traffic to and from the plasma
membrane. This exocytosis and endocytosis can be visualized
using Brefeldin A (BFA), which reversibly inhibits a subset
of ADP RIBOSYLATION FACTOR-GUANINE NUCLEOTIDE
EXCHANGE FACTORS (ARF-GEFs) including GNOM (GN; Geld-674 Developmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Iner et al., 2001, 2003). Following BFA treatment, endocytosed
PINs accumulate in artificial vesicular aggregates referred to
as BFA compartments (Geldner et al., 2001; Robinson et al.,
2008). Whether auxin transporters are constitutively active or
require additional factors is not fully understood.
The Arabidopsis genome encodes 23 so-called AGCVIII
kinases (Galva´n-Ampudia and Offringa, 2007), serine/threonine
kinases related to mammalian protein kinase A, protein kinase
G, and protein kinase C (Pearce et al., 2010). SeveralArabidopsis
AGCVIII kinases function in the regulation of auxin transport or
auxin transport-dependent growth (Rademacher and Offringa,
2012): phototropin1 (phot1) and phot2 are the blue light recep-
tors essential for phototropic hypocotyl bending (Briggs and
Huala, 1999). PINOID (PID), WAG1, andWAG2 control PIN polar-
ity by direct PIN phosphorylation (Dhonukshe et al., 2010; Huang
et al., 2010; Kleine-Vehn et al., 2009; Michniewicz et al., 2007)—
loss of PID function results in shoot differentiation defects that
correlate with a defect in targeting PIN1 to the apical plasma
membrane in shoot epidermis cells (Friml et al., 2004), and
inversely, PID, WAG1, or WAG2 overexpression promotes the
apicalization of PINs in the root (Dhonukshe et al., 2010).
We have previously characterized mutants of four AGCVIII
kinases that we collectively refer to as D6 PROTEIN KINASES
(D6PKs), namely D6PK and D6PK-LIKE1 through D6PK-LIKE3
(D6PKL1–D6PKL3; Zourelidou et al., 2009). Higher order d6pk
mutants have a number of phenotypes that suggest a role for
D6PKs in the control of auxin transport (Zourelidou et al.,
2009). These phenotypes include defects in phototropic and
negatively gravitropic hypocotyl bending that correlate directly
with reduced basipetal auxin transport in etiolated seedlings
(Willige et al., 2013). Intriguingly, D6PK, which does not have
any sequence features indicative for a membrane association,
colocalizes with PINs at the basal plasma membrane and
D6PK can directly phosphorylate PINs in vitro and seemingly
also in vivo (Willige et al., 2013; Zourelidou et al., 2009).
Here, we examine the cell biological behavior of D6PK in the
context of its physiological role in controlling tropic responses.
We find that D6PK is highly sensitive to BFA treatment and
subject to an active removal from the plasma membrane that is
much faster than can be measured for PIN proteins. We further
demonstrate that D6PK promotes PIN phosphorylation and
auxin transport-dependent growth, but only when present at
the plasma membrane. Our study suggests that D6PK abun-
dance at the plasma membrane and likely D6PK-dependentnc.
Figure 1. D6PK Is Cycling in a BFA-
Dependent Manner
(A and B) Confocal images revealing the differen-
tial sensitivities of YFP:D6PK and PIN2:GFP in the
root epidermis (A) or PIN1:GFP in the stele (B) to
the trafficking inhibitor BFA (50 mM) after treatment
for 0, 15, and 90 min.
(C and D) Confocal images (C) and (D) quantitative
kinetic analyses of YFP:D6PK, FM4-64, and
PIN2:GFP abundance (signal intensity) at the
plasma membrane. FM4-64 stained seedlings
were pulse-stained with 2 mM FM4-64 for 5 min
before the BFA treatment. Shown are represen-
tative confocal images taken at 0 and 5 min
after BFA treatment, signal intensities were
quantified every 40 s from plasma membrane
regions as highlighted by a white frame in (C). All
data were normalized to the signal intensity at time
point 0min for each set ofmeasurements obtained
from a single cell. The average slope of at least 24
cells from at least three roots is represented (thick
line) together with the respective SD (shaded
area).
(E) Confocal images of YFP:D6PK and PIN2:GFP
distribution on root epidermis from seedlings
pretreated with 50 mM cycloheximide (CHX) for
60 min, followed by 90 min BFA-treatment and
subsequent washout of the BFA for 15 min (w.o.).
CHX was included in all treatments.
Scale bars represent 20 mm. See also Figures S1
and S2.
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RESULTS
D6PK Localizes to the Basal Plasma Membrane
D6PK is a polarly distributed protein kinase that localizes to the
basal (rootward) plasma membrane in root cells of Arabidopsis
thaliana seedlings (Zourelidou et al., 2009). To gain an insight
into the subcellular localization of D6PK in a diverse set of cell
types, we examined the distribution of a fully functional YFP-
tagged D6PK variant expressing YFP:D6PK from a D6PK pro-
moter fragment or from the constitutive 35S CaMV promoter
(Willige et al., 2013; Figure S1 available online). We found that
D6PK localizes to the basal membrane in all cells that expressed
the protein including epidermal cells of the shoot apical meristem
(Figure S1A), endodermis cells of hypocotyls (Figure S1C), xylem
parenchymatous cells of the stem (Figure S1E), as well as
various cell types of the root (Figure S1G). Whereas D6PK, in
most cell types, shared the basal plasma membrane localization
with its proposed phosphorylation substrates PIN1, PIN2, or
PIN3 (Abas et al., 2006; Benkova´ et al., 2003; Willige et al.,
2013; Za´dnı´kova´ et al., 2010; Zourelidou et al., 2009), we identi-
fied at least two cases in which D6PK and PINs did not colocalize
(Figure S1). First, whereas PIN1 was apical in epidermal cells of
the shoot apical meristem (Friml et al., 2004), D6PK localized to
the basal plasma membrane (Figures S1A and S1B). Second,Develwhereas PIN2was apical in root epidermis cells and basal in cor-
tex cells, D6PK was basally localized in both cell types (Figures
S1G and S1I). We thus concluded that D6PK is a basally local-
ized protein and that D6PK polarity is independent from that of
the PINs, at least in some cell types.
D6PK Is a Rapidly Cycling Protein
We had previously reported that D6PK is a BFA-sensitive protein
(Zourelidou et al., 2009). Importantly, our kinetic analysis now re-
vealed that D6PK is internalized much more rapidly than PIN2 or
PIN1 (Figures 1A and 1B). In contrast to the PINs, D6PK was
completely depleted from the plasma membrane already within
minutes after the onset of BFA treatment (Figures 1A–1D). Over
this period of time, D6PK became visible in the cytosol and in
intracellular compartments that stained positive for FM4-64, a
fluorescent general endocytosis tracer (Figure S2A). After
60 min, D6PK accumulated at even larger intracellular struc-
tures, which we identified as BFA compartments (Robinson
et al., 2008; Figures 1A and 1B; Figure S2A). At least during the
first 5 min of BFA treatment, the rate of D6PK internalization
was a constant linear process that was faster than the endocy-
tosis of FM4-64, which we considered as a reporter for the
average endocytosis rate (Figures 1C and 1D). Importantly ac-
cording to our quantitative analysis, PIN2 showed no detectable
changes in its abundance in the plasma membrane over this
period of time (Figures 1C and 1D) although it had previously
been reported that PIN2 can be detected intracellularly alreadyopmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Inc. 675
Figure 2. D6PK Is Mainly Associated with
Membranes, Also When Internalized
(A) Representative immunoblots of the soluble
fraction (S) and microsomal fraction (M) obtained
bysubcellular fractionationof roots fromseven-day
old light-grown seedlings that had been treated
withBFA (50 mM).aGFPdetects YFP:D6PK;aUGP,
anti-UDP-glucose pyrophosphorylase, S marker;
aAHA2 (ArabidopsisH+-ATPASE 2), Mmarker. The
experiment was repeated four times with similar
results.
(B) Densitometric quantification of the relative
signal intensities of S and M fraction signals ob-
tained with YFP:D6PK. Signal intensities were
normalized to the respective UGP and AHA2
loading control. The normalized signal intensities
of each S and M fractionation sample were added
and set to 100%. The relative S and M fraction,
average and standard error, from three experi-
ments is plotted. Student’s t test, not significant
(n.s.) p > 0.05.
(C) Representative frames taken at 0 min and 15 min after BFA treatment from a time course experiment imaging YFP:D6PK in the root epidermis in a back-
ground containing wild-type GNwt or BFA-resistant GNM696L transgenes.
(D) Representative confocal images of YFP:D6PK localization in gnomB/E. Staining with FM4-64 reveals the localization of a fraction of YFP:D6PK at the basal
plasma membrane (D0, open white arrowhead) or in FM4-64-labeled intracellular aggregates (D0 0, closed white arrowhead).
Scale bars represent 20 mm. See also Figure S3.
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acterize the BFA-sensitivity of D6PK, we analyzed D6PK and PIN
localization over increasing BFA concentrations. We noticed that
D6PKwas efficiently internalized with 5 mMBFAwhen expressed
from a D6PK promoter fragment whereas the internalization of
overexpressed D6PK required higher BFA dosage (10 mM).
Notably, neither PIN1 nor PIN2 were detectable in endosomes
in these conditions (Figure S2B). Because a kinase-dead version
of D6PK was rapidly internalized after BFA treatment, we
concluded that this process is independent from its kinase
activity (Figure S2C).
Similarly to what had been reported for PINs, the effects of
BFA on D6PK could be reversed by washout treatments. After
a 15 min washout treatment, the complete pool of D6PK was
rapidly redirected to the basal plasma membrane, whereas
PIN2 (Figure 1E) or FM4-64 (Figure S2A) could still be detected
in BFA compartments. Because this behavior was observed in
the presence of the protein biosynthesis inhibitor cycloheximide
(CHX), which efficiently inhibited YFP:D6PK de novo synthesis
(Figure S2D), we concluded that D6PK rapidly cycles between
the basal plasma membrane and the cytoplasm or cytoplasmic
compartments.
D6PK Recycling Is GN Dependent
Already shortly after BFA treatment, D6PK was completely
dissociated from the plasma membrane. The confocal analysis
suggested that the plasma membrane-dissociated D6PK in the
cytoplasm was largely soluble and that only a minor fraction
was associated with intracellular vesicles (Figures 1A–1C and
Figure S2). Interestingly, our analyses with immunoblots after
the subcellular fractionation of root extracts revealed that
D6PK is a predominantly membrane-associated protein (M),
before and after BFA treatment (Figures 2A and 2B). At the
same time, we observed a slight increase in soluble D6PK (S)
shortly after BFA treatment (5 min), suggesting that a small frac-676 Developmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Ition of D6PK may become soluble after BFA treatment
(Figure 2B). This increase was, however, not significant when
averaged over independent experiments.
Because BFA targets the ARF-GEF GN, we examined whether
D6PK recycling is GN-dependent in the background of the
GNM696L transgene, which encodes a BFA-insensitive but fully
functional GN variant (Geldner et al., 2003). Interestingly, we
found D6PK to be BFA-insensitive in GNM696L suggesting that
the recycling of D6PK requires GN function (Figure 2C). We
further examined D6PK in the weak gnomB/E mutant (Anders
et al., 2008; Geldner et al., 2004). In gnomB/E, D6PK accumulated
mainly in intracellular FM4-64 labeled structures, possibly endo-
somes (Figure 2D0 0) and in some cells D6PK was detected at the
basal plasma membrane (Figure 2D0), indicating that efficient
D6PK targeting from endosomes to the basal plasmamembrane
requires fully functional GNOM (Figure 2D). Thus, D6PK is a
mainly membrane-associated protein that requires GN ARF-
GEF function for its efficient targeting to and from the plasma
membrane.
D6PK Polarity Is Independent from PID
PID controls the polarity of PINs by direct phosphorylation (Friml
et al., 2004). We tested whether PID may also control D6PK
polarity, directly or indirectly, in the shoots of a pid loss-of-func-
tion mutant and roots of a PID overexpression line (Friml et al.,
2004). Because the apical meristem of pidmutants is undifferen-
tiated, YFP:D6PK localization in the wild-type could best be
compared with pid mutants when shoot differentiation in the
wild-type was inhibited with the auxin transport inhibitor 1-N-
naphthylphthalamic acid (NPA; Friml et al., 2004). Whereas
PIN1 in pid mutant inflorescences showed the previously
reported apical-to-basal shift, we detected an exclusively basal
localization of D6PK in undifferentiated pid and NPA-treated
wild-type inflorescences (Figure S3A). Also in roots, where
PID overexpression resulted in the previously reported PIN1nc.
Figure 3. D6PK Internalization Cannot Be
Inhibited by Expression of a Dominant-
Negative Clathrin Variant
(A) Confocal images of root epidermal cells before
and after a 4 min treatment with BFA (50 mM) of
a transgenic line expressing YFP:D6PK and
CLC:mKO. Open white arrowheadsmark the initial
plasma membrane-localized YFP:D6PK, white
arrowheads mark the intracellular compartments
that are positive for YFP:D6PK andCLC:mKOafter
BFA treatment.
(B and C) Confocal images of root epidermal cells
from 6-day-old seedlings expressing YFP:D6PK
(B) and PIN2:GFP (C) and the tamoxifen-inducible
construct pINTAM > HUB:RFP (1 day induction
with tamoxifen, 2 mM) before and after treatment
with BFA (50 mM) for 12 min (B) and 90 min (C).
Note that intracellular HUB:RFP compartments
aggregate after BFA treatment. The different size
of these aggregates in (B) and (C) is explained by
the different length of the BFA treatment. Also note
that PIN2:GFP endocytosis is blocked only in the
HUB-expressing cell file (C).
Scale bars represent 10 mm (A), 20 mm (B and C).
See also Figure S4.
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D6PK Activates PINs at the Plasma Membranebasal-to-apical polarity shift, D6PK maintained its basal polarity
in all cells examined (Figures S3B–S3D). In in vitro phosphoryla-
tion experiments, we found that PID cannot phosphorylate
D6PK, thus further substantiating the conclusion that D6PK
and PID are functionally unrelated (Figures S3E and S3F).
D6PK Internalization Is Independent from
Clathrin-Mediated Endocytosis
Clathrin-dependent endocytosis is the best-characterized endo-
cytosis pathway (Brodsky et al., 2001; Ito et al., 2012). Clathrin-
coated vesicles sort cargo proteins at the plasmamembrane and
at the trans-Golgi network (TGN; Brodsky et al., 2001; Ito et al.,
2012). Because, already 4min after BFA treatment, we observed
a colocalization of D6PK with the intracellular pool of a clathrin
light chain marker (35S:CLC:mKO), we speculated that the inter-
nalization of D6PK was clathrin-mediated (Figure 3A and Fig-
ure S4A). However, we found no effect on D6PK internalization
when we inhibited clathrin cage formation by overexpression
of HUB, a dominant-negative variant of the clathrin heavy chain
(Dhonukshe et al., 2007; Kitakura et al., 2011; Liu et al., 1998;
Figure 3B and Figure S4B). At the same time, the effectiveness
of HUB overexpression could be verified because the formation
of PIN2-containing BFA compartments was efficiently blocked in
HUB-expressing cells while the previously reported BFA-
induced aggregation of endomembrane-localized HUB was
visible (Kitakura et al., 2011; Figures 3B and 3C). We thus
concluded that the internalization of D6PK is independent from
the clathrin-dependent endocytosis pathway, although internal-
ized D6PK colocalized with endosomal clathrin, presumably at
the TGN.
Auxin Promotes D6PK Internalization
Auxinwas previously found to inhibit the endocytosis of PINs and
other plasma membrane proteins (Paciorek et al., 2005; Robert
et al., 2010). We tested whether D6PK internalization is also
blocked by auxin using the synthetic auxin 1-naphthaleneaceticDevelacid (1-NAA). Interestingly, while PIN2 endocytosis and FM4-64
uptake were inhibited by 1-NAA treatment as suggested by the
absence of BFA compartments containing PIN2 or FM4-64, we
could not inhibit BFA-induced D6PK internalization with 1-NAA
(Figure 4A). On the contrary, we observed that D6PK became
rapidly internalized into FM4-64-labeled endosomes within
minutes after 1-NAA treatment (Figure 4B and Figure S5). After
a delay of approximately 30 min, D6PKwas then efficiently retar-
geted to the plasma membrane (Figure 4B and Figure S5).
Following longer auxin treatments (e.g., 4 hr), we also noted a
pronounced intracellular accumulation of D6PK; in some cells,
even a complete depletion of the protein from the plasma mem-
brane (Figure 4C). For each of these behaviors, we noted with
interest that the kinetics and effects of the respective auxin-
dependent dissociation and reassociation responses were not
uniform when compared between different auxin-treated seed-
lings. These findings suggest that auxin levels control the distri-
bution of D6PK either by promoting D6PK internalization or by
inhibiting its retargeting to the plasma membrane.
D6PK Activity Is Critical at the Plasma Membrane
We next examined whether the physiological activity of D6PK
correlates with its localization at the plasma membrane. We ex-
ploited the differential BFA sensitivity of D6PK and PINs and
correlated D6PK and PIN3 protein abundance at the plasma
membrane of hypocotyl endodermis cells with defects in nega-
tive gravitropism of etiolated seedlings, which can be explained
by defects in PIN-mediated auxin transport (Willige et al., 2013).
We found that D6PK could be partially and strongly depleted
from the plasma membrane when seedlings were grown on
3 mM and 5 mM BFA, respectively (Figures 5A and 5B). At the
same time, we could only detect significant PIN3 internalization
in seedlings grown on 5 mM BFA but not on 3 mM BFA (Figures
5A and 5B). At the physiological level, we found that dark-grown
wild-type seedlings, when grown on 3 mM or 5 mM BFA, dis-
played a strong negative gravitropism defect similar to theopmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Inc. 677
Figure 4. Auxin Does Not Inhibit YFP:D6PK Endocytosis but Induces
Its Transient Relocalization
(A) Confocal images of root epidermal cells of 6-day-old seedlings expressing
YFP:D6PK or PIN2:GFP after a 30 min mock or 1-NAA (10 mM) pretreatment
followed by a 90 min BFA (50 mM) treatment in the presence of FM4-64 (2 mM).
(B) Representative frames from a time series experiment after 1-NAA treatment
(10 mM) of YFP:D6PK seedlings.
(C) Representative confocal images of YFP:D6PK in root cells treated for 4 hr
with 1-NAA (10 mM) or a mock solution. Note that intracellular YFP:D6PK
signals are increased and plasma membrane signals are decreased in 1-NAA-
treated cells when compared to the mock control. Open white arrowheads
mark the plasma membrane-localized YFP:D6PK, white arrowheads mark the
transient intracellular accumulation of the protein.
Scale bars represent 20 mm (A and C), 10 mm (B). See also Figure S5.
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D6PK Activates PINs at the Plasma Membranedefects observed in d6pk d6pkl1 d6pkl2 (d6pk012) or pin3 pin4
pin7 (pin347) triplemutants or in seedlings grown in the presence
of the auxin transport inhibitor NPA (Willige et al., 2013; Figures
5C–5E). Interestingly, this BFA-induced phenotype was not
observed in BFA-resistant GNM696L seedlings, suggesting that
it was caused by a functional impairment of GN (Figures 5C
and 5D). Furthermore, we found that the growth of etiolated
D6PK overexpressor seedlings, which is characterized by the
absence of an apical hook and an irregularly growing hypocotyl
with gravitropism defects, was largely normalized after BFA
treatment (Figures 5C, 5D, and 5F). In line with a role of GN in
this BFA-triggered D6PK-dependent response, this was only
observed in the presence of the BFA sensitive wild-type GN pro-
tein but not in the GNM696L background (Figures 5C, 5D, and 5F).
Furthermore, the D6PK overexpression phenotype was depen-
dent on D6PK kinase activity because the overexpression of a
kinase-dead D6PK (D6PKin) did not display this phenotype but678 Developmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Ibehaved in a similar manner as the wild-type (Figures 5C and
5D). Because D6PK abundance was not altered after BFA treat-
ments (Figure S6A) and the D6PK overexpressor phenotypes
could also be largely normalized by NPA treatment (Figures
5C, 5D, and 5F), we argue that the observed growth defects of
the D6PK overexpressors are a consequence of increased or
aberrant auxin transport. Additionally, we also measured photot-
ropism and negative gravitropism responses in the D6PK over-
expressors and in d6pk single and double mutants where auxin
transport and tropic responses are partially impaired (Willige
et al., 2013; Figures S6B and S6C). Whereas we found d6pk
mutants to be hypersensitive to the effects of BFA treatments
in both tropic responses, the D6PK overexpressors as well as
GNM696L seedlings were partially or fully BFA-insensitive (Figures
S6B and S6C). Because the BFA sensitivity in these assays was
dependent on D6PK gene dosage and kinase activity, we pro-
pose that D6PK or one of its orthologs is the BFA-sensitive pro-
tein that controls these tropisms.
PIN Phosphorylation and Auxin Distribution Correlate
with the Abundance of D6PK at the Plasma Membrane
Wenext tried to link the observed effects of BFA treatment on the
intracellular distribution of D6PK with changes in auxin distribu-
tion and PIN phosphorylation. To this end, we examined auxin
distribution using the auxin response reporter DR5:GUS (Saba-
tini et al., 1999). We found that dark-grown wild-type seedlings,
when grown on medium containing 3 mM BFA, had a reduced
auxin response in the hypocotyl and failed to establish an apical
hook as well as a DR5:GUS auxin response maximum that typi-
cally forms in the concave side of the hook (Figures 5C and 6A).
Instead, BFA-treated wild-type seedlings had a DR5:GUS auxin
response maximum in the cotyledons, the proposed sites of
auxin biosynthesis. In all these regards, BFA-treated wild-type
seedlings phenocopied d6pk012 triple mutants (Figures 5C,
5E, and 6A). Interestingly, when we examined D6PK overex-
pressing seedlings, which we propose to have increased and
possibly aberrant auxin transport also due to the fact that NPA
treatments could normalize their phenotype (Figure 5C), BFA
treatment did not only lead to a normalization of their growth
phenotype but also largely normalized the auxin response
pattern of dark-grown seedlings (Figure 6A). Thus, manipulation
of D6PK abundance at the plasma membrane by BFA treatment
results in predictable D6PK-dependent changes in auxin distri-
bution and auxin-dependent plant growth.
Because loss ofD6PK function correlateswith decreasedPIN3
phosphorylation (Willige et al., 2013), we also examined the
effects of the BFA-induced D6PK depletion from the plasma
membrane on PIN3 phosphorylation. Indeed, we observed
reduced PIN3 phosphorylation in seedlings grown on increasing
concentrations of BFA, in the strongest case reminiscent of the
PIN3 phosphorylation defect observed in d6pk012 triple mutants
(Figures 6B–6D): Whereas, the relative intensity of the upper
(phosphorylated PIN3) band when compared to the lower (un-
or dephosphorylated PIN3) band was high in untreated wild-
type seedlings (87%), this intensity was reduced (58%) when
wild-type seedlings were grown on 3 mM BFA and thereby dis-
played an intensity of the phosphorylated band that was similar
to the intensity measured in untreated d6pk012 triple mutants
(53%; Figures 6B–6D). In turn, the D6PK overexpressorsnc.
Figure 5. D6PKCritically Determines D6PK-
Dependent Growth at the Plasma Mem-
brane
(A) Confocal images of hypocotyl endodermis cells
from 3-day-old etiolated YFP:D6PK and PIN3:GFP
seedlings grown in the absence (mock) and pres-
ence of BFA (3 mM; 5 mM) or NPA (0.5 mM). Open
white squares mark the regions of interest (ROIs)
used for measurements in (B); white arrows mark
YFP:D6PK signal in cytosolic strands; arrowheads
mark PIN3:GFP and YFP:D6PK-positive BFA-
compartments. Scale bar represents 20 mm.
(B) Ratio of average pixel intensities quantified at
the cytosol and the plasma mebrane (cytosol/PM)
in selected ROIs as in (A). A reduced size of the
ROIs was selected due to the restricted cytosolic
area of endodermal cells. Due to the absence of
fluorescence in the cytosol of PIN3:GFP express-
ing lines, ROIs were placed either adjacent to the
plasma membrane or, whenever present, at the
BFA compartments (arrowhead, BFA 5 mM).
Shown is the mean and standard error of at least
ten cells from at least four hypocotyls. Student’s
t test in comparison to the respective mock,
*p < 0.01.
(C and D) Photographs of 3-day-old etiolated
seedlings grown in the absence (mock) and pres-
ence of BFA (3 mM; 5 mM) or NPA (0.5 mM). Scale
bar represents 5 mm. (D) Quantification of the
negative hypocotyl gravitropism; n R 50, 3 bio-
logical replicates. Values were binned in 30 angle
classes and the relative frequency distribution is
presented in the circular graphs. The percentage
of seedlings corresponding to the phenotype
classes (hypocotyl angle) 315–345, 345–15,
and 15–45 is indicated in each circular graph
as a comparative measure for the different
phenotypes.
(E) Photographs of 3-day-old etiolated seedlings
showing negative gravitropism defects from single
(d6pk0), double (d6pk01), and triple mutants
(d6pk012) as well as that of the pin3 pin4 pin7
(pin347) triple mutant.
(F) Representative images of seedlings with their
respective length (red line) and height (blue) and
their height/length ratio, and quantification of
hypocotyl growth defects expressed as height/
length ratios (average and standard error); nR 20;
three biological replicates. A Student’s t test was
performed in comparison to the respective wild-
type (Col-0), *p < 0.001. See also Figure S6.
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D6PK Activates PINs at the Plasma Membranedisplayed a slightly stronger phosphorylation than the wild-type
(98% compared to 87% in untreated wild-type seedlings), its
PIN3 phosphorylation was largely unaffected at 3 mM (95%)
and required higher BFA concentrations (5 mM) than the wild-
type before an effect on PIN3 phosphorylation was observable
(76%; Figures 6B–6D). Importantly, the overexpression of the
kinase-dead version (35S:D6PKin) behaved as thewild-type (Fig-
ures 6B–6D). Furthermore and as could be expected based on
the BFA-insensitive phenotype, PIN3 phosphorylation remained
unaffected by BFA treatments in the GNM696L background (Fig-
ures 6B–6D). When interpreted in the context of our previous ob-
servations that the overexpressed D6PK is less sensitive to BFA
than D6PK expressed from a D6PK promoter fragment (Fig-
ure S2B), these results reveal that the manipulation of D6PKDevellevels at the plasma membrane by BFA or by altering gene
dosage lead to predictable changes in PIN3 phosphorylation.
Interestingly, PIN3 phosphorylation as observed in d6pk012
triple mutants was further decreased from 54% in untreated
seedlings to 32% in BFA (5 mM)-treated d6pk012 mutants, sug-
gesting that other BFA-sensitive kinases might control PIN3
phosphorylation in addition to the three D6PKs defective in
d6pk012 (Figures 6B–6D).
To evaluate the dependence of PIN3 phosphorylation on
D6PK abundance at the plasma membrane in experimental con-
ditions that would not require BFA application, we examined
PIN3 phosphorylation in the gnomB/E background where D6PK
accumulates largely intracellularly in roots (Figure 2D) as well
as in hypocotyls of etiolated seedlings (Figure 6E). Also in proteinopmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Inc. 679
Figure 6. D6PK Abundance at the Plasma Membrane Determines
Auxin Distribution and PIN3 Phosphorylation in Dark-Grown
Seedlings
(A) Photographs of GUS-stained 4-day-old dark-grown seedlings grown in the
absence and presence of BFA (3 mM) expressing the auxin (response) reporter
DR5:GUS. Scale bar represents 1 mm.
(B) Representative immunoblots with aPIN3 of membrane protein extracts
obtained from 4 day-old etiolated seedlings grown in the absence and pres-
ence of BFA (3 mM and 5 mM). CBB, Coomassie Brilliant Blue-stained gel,
loading control.
(C) Representative densitometric profiles of immunoblots as shown in (B). The
positions of the upper and lower bands are marked with filled and open
arrowheads, respectively. To correct for positioning differences between
samples, signal intensities were normalized and aligned to the maximum
intensity of the lower band. Background was substracted for each genotype
using the line method.
(D) Ratio between the intensities of the upper and lower band of PIN3 immu-
noblots were determined by densitometric analyses of at least three inde-
pendent replicate experiments. The graphs show averages and SE. Student’s t
test, *p < 0.05, **p < 0.01, n.s. p > 0.05.
(E) Confocal images of hypocotyl endodermal cells from 4d old seedlings
expressing YFP:D6PK in wild-type and gnomB/E mutant background.
(F) Representative aPIN3 immunoblot of membrane protein extracts obtained
from 4 day-old etiolated Col-0 wild-type as well as gnomB/E and d6pk012 triple
mutants. CBB, Coomassie brilliant blue-stained gel, loading control.
(G) Photographs of 3- day-old etiolated seedlings with the genotypes indicated
in the figure. The transheterozygous gnomB/E partial loss-of-function (filled
arrowheads) and the severe gnomB/B or gnomE/E homozygous loss-of-function
segregants (open arrowheads) are indicated. For the western blot analysis in
(F), protein extracts were prepared from seedlings with a gnomB/E phenotype.
Scale bar represents 5 mm.
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to be strongly decreased (Figure 6F). In line with a biological role
of this reduced PIN3 phosphorylation on auxin transport-depen-
dent growth in gnomB/E, we found that these mutants displayed
a strong negative gravitropism defect further supporting our
conclusion that PIN phosphorylation and tropic responses are
dependent on the presence of D6PK at the plasma membrane
(Figure 6G).
We also examined PIN1 phosphorylation and auxin distribu-
tion in the root after short-term BFA treatments. In anti-GFP im-
munoblots testing for PIN1:GFP expression, we noticed the
presence of high molecular weight bands above the major
PIN1:GFP band, which could correspond to phosphorylated
forms of PIN1:GFP (Figures 7A–7E). Indeed, treatments with an
active but not with a heat-inactived phosphatase resulted in a
reduction of the high molecular weight PIN1:GFP forms (Fig-
ure 7C). We then tested whether PIN1 phosphorylation was
altered after BFA treatment using the initially established condi-
tions that lead to a depletion of D6PK but not of PIN1:GFP from
the plasma membrane (Figure 1). Interestingly, a rapid decrease
in PIN1 phosphorylation was observed already 15 min after BFA
treatment (Figure 7A). Conversely, PIN1 phosphorylation was
readily reestablished 30 min after a BFA washout treatment (Fig-
ure 7B). The fast kinetics of this response would thereby follow
the initially described kinetics for the depletion of D6PK from
and its reassociation with the plasma membrane (Figure 1).
Furthermore, we could detect a reduction of PIN1:GFP phos-
phorylation levels with low concentrations of BFA (Figure 7D),
which were sufficient to trigger D6PK but not PIN1 internalization
(Figure S2B).nc.
Developmental Cell
D6PK Activates PINs at the Plasma MembraneBecause these findings could potentially also be explained by
an inactivation of D6PK kinase function after BFA treatment, we
tested the activity of immunoprecipitated YFP:D6PK before and
after BFA treatment using recombinant PIN1 as a substrate.
However, this experiment indicated that D6PK remains an active
protein kinase after BFA treatment, at least when examined
in vitro (Figure S7).
To further confirm the dependency of PIN1 phosphorylation on
D6PK abundance at the plasma membrane in experimental
conditions that avoided the use of BFA, we also tested whether
prolonged 1-NAA treatment (4 hr), which leads to partial internal-
ization of D6PK (Figure 4), would affect PIN phosphoryla-
tion. Interestingly, also auxin treatments negatively affected
PIN1:GFP phosphorylation, thus providing another piece of evi-
dence that the phosphorylation of PIN1:GFP in planta correlates
with the abundance of D6PK at the plasma membrane
(Figure 7E).
To understand whether the rapid changes in PIN1 phosphory-
lation also affect the cellular distribution and accumulation of
auxin within the root, we followed the abundance of the dynamic
auxin-sensitive reporter DII-VENUS and its auxin-insensitive
counterpart mDII-VENUS (Brunoud et al., 2012). Interestingly,
DII-VENUS abundance in the root decreased over time after
BFA treatment (Figures 7F and 7G). Similar responses were
obtained after auxin (1-NAA) treatment but also after NPA treat-
ment, suggesting that the inhibition of auxin transport by NPA
may lead to a cellular accumulation of auxin that is sufficient to
trigger DII-VENUSdegradation (Figures 7F and 7G). Surprisingly,
we could detect a significant reduction of DII-VENUS in stele
cells with BFA concentrations as low as 5 mM (Figures 7H and
7I), concentrations at which we could not detect any effects on
PIN1:GFP localization (Figure S2B). Although we cannot rule
out that BFA-induced internalization of PINs or other relevant
proteins contribute to the observed effects on DII-VENUS abun-
dance, the fast kinetics and high sensitivity of this response can
best be explained by an accumulation of auxin as a conse-
quence of the dissociation of D6PK from the plasma membrane
followed by a reduction of PIN phosphorylation and conse-
quently auxin export.
DISCUSSION
Our study identifies the AGCVIII protein kinase D6PK as a basal
polarity marker that rapidly cycles to and from the plasma mem-
brane. The respective targeting mechanisms are largely distinct
from the mechanisms that control polar targeting of PINs, the
proposed D6PK phosphorylation substrates. Furthermore, we
can show that D6PK plasma membrane localization is essential
to establish and maintain PIN phosphorylation and auxin
transport-dependent plant growth.
We had previously found that d6pk mutants are defective in
negative gravitropism and phototropism and that these defects
correlate with reductions in PIN3 phosphorylation and basipetal
auxin transport (Willige et al., 2013; Zourelidou et al., 2009).
Based on the differential BFA-sensitivities of D6PK and PINs,
we could now differentially manipulate the abundance of D6PK
and PINs at the plasma membrane. Using selected genetic
backgrounds, we show that the presence and absence of
D6PK at the plasma membrane directly correlates with changesDevelin PIN protein phosphorylation and auxin distribution that may
reflect changes in PIN-dependent auxin efflux. Importantly,
because we could predictably manipulate plant growth with
BFA in a D6PK- andGN-dependent manner and it has previously
been shown that the PIN phosphorylating kinase PID is BFA-
insensitive (Kleine-Vehn et al., 2009), we propose that one or
more D6PK family members control these processes. Because
D6PK phosphorylates PINs only when at the plasma
membrane, PIN phosphorylation is only transient and most
likely antagonized by phosphatases, and PIN phosphorylation
levels correlate with auxin distribution and auxin transport-
dependent processes, we predict that PINs are only active
when phosphorylated by D6PKs or related kinases at the plasma
membrane.
D6PK polar targeting to the plasmamembrane differs from the
targeting of its proposed PIN substrates in a number of ways.
First, D6PK is more sensitive to the trafficking inhibitor BFA
than the three PIN proteins tested. Second, in comparison to
the PINs, D6PK also showed a faster retargeting to the plasma
membrane after BFAwashout treatments. Third, while it had pre-
viously been shown that the polar targeting of de novo synthe-
sized PINs to the plasma membrane is preceded by their initial
nonpolar targeting (Dhonukshe et al., 2008, 2010), we found
that the polar targeting of D6PK to the basal plasma membrane
is immediate and direct. Fourth, whereas PIN polarity shifts had
previously been reported in weak gnom mutants (Ikeda et al.,
2009; Kleine-Vehn and Friml, 2008; Kleine-Vehn et al., 2009),
the partial loss-of-function mutation gnomB/E leads to partial
internalization and partial but basal plasma membrane-targeted
localization of D6PK. Finally, whereas PINs are mainly plasma
membrane-localized also in weak gnommutants, a large fraction
of D6PK remained associated with apparent endosomes in
gnomB/E. This suggests that the targeting of D6PK from endo-
somes to the plasmamembrane is more sensitive to GN function
than that of the PINs. Thus, D6PK plasma membrane polar
targeting differs from PIN trafficking regarding its kinetics, its
trafficking, and its GN-dependency.
GN is thought to act as an activator of ARF-GTPases at early
endosomes or recycling endosomes where GN mediates
budding events for the targeting and recycling of plasma mem-
brane proteins (Anders and Ju¨rgens, 2008; D’Souza-Schorey
and Chavrier, 2006; Geldner et al., 2003; Nielsen et al., 2012;
Tanaka et al., 2009). Our observation that BFA promotes a rapid
and complete dissociation of D6PK from the plasma membrane
to the cytoplasm and to endomembrane compartments sug-
gests a very direct effect of GN on D6PK localization. This effect
is certainly faster than the known BFA-imposed inhibition of GN
for the recycling of plasma membrane proteins. Along the same
lines, the accumulation of D6PK in endosomal compartments in
gnomB/E could be either explained by a reduced but not fully
impaired GN function leading to an alternative targeting of
D6PK to endomembranes or by partial blockage of D6PK trans-
port from the TGN to the plasma membrane. In both cases, we
hypothesize that the impaired GN function would result in the
lack of a D6PK-recruiting factor at the plasma membrane.
Whereas additional evidence points to a role for GN in the control
of endocytosis at the plasma membrane (Irani et al., 2012;
Naramoto et al., 2010), our findings do not support such a role
for GN in the case of D6PK because we do not observe aopmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Inc. 681
Figure 7. Dynamic Control of PIN1 Phosphorylation in Arabidopsis Roots by D6PK at the Plasma Membrane
(A–E) Representative immunoblots of PIN1:GFP as detected with aGFP of total protein extracts obtained from roots of 8-day-old light-grown seedlings. Results
with extracts obtained from seedlings after mock-, BFA (50 mM)-, or BFA washout (w.o.)-treatment, performed in the presence of CHX (50 mM) for the periods of
time specified in the figure (A and B). In (C), extracts were treated for 15minwith active (lPPa) or heat-inactivated l-phosphatase (lPPi). CBB, Coomassie Brilliant
Blue, loading control. Seedlings were treated with mock solution and 5 - 50 mMBFA for 60 min (D) or with mock solution and 10 mM 1-NAA of 4 hr (E). The relative
PIN1 phosphorylation was determined as the ratio of total pixel intensities from the lower mobility forms (red dotted square) to the total PIN1:GFP (black square)
from at least three independent replicate experiments (left images in D and E). The averages and standard deviations are presented (right panels in D and E).
Student’s t test *0.01 < p < 0.05; ** 0.01R p. The closed dot marks the lower band, presumably de- or unphosphorylated form(s) of PIN1:GFP, the line marks
phosphorylated PIN1:GFP.
(F–I) Representative confocal images of root meristems of 6 day-old seedlings expressing the auxin-sensitive reporter DII-VENUS or its auxin-insensitive
counterpart mDII-VENUS, treated for 30minwithmock, 1-NAA (10 mM), and NPA (50 mM) or for 15min or 30min with BFA (50 mM) as specified in the figure (F); and
treated for 60 min with mock, 5–50 mM BFA (H). Scale bar represents 100 mm. (G and I) Relative signal intensities in the stele region of seedlings after the ex-
periments shown in (F) and (H), respectively, and as marked by a rectangle in the first image in (F). The experiments were repeated three times, shown are the
averages and standard errors of one replicate measurement (nR 6; G) and of three replicate measurements (nR 16; I). Student’s t test *0.05 > p > 0.01; **0.01 >
p > 0.001; ***p < 0.001; n.s., not significant.
(legend continued on next page)
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GN by BFA or in gnomB/E. Our data, however, suggest that GN
can act in the targeting of plasma membrane-associated pro-
teins in a manner that is much faster and sensitive than what
has previously been reported for integral plasmamembrane pro-
teins. The elucidation of the exact molecular mechanism under-
lying such targeting might unravel yet-unknown ARF-GEF-
dependent targeting mechanisms.
We found no evidence for D6PK being endocytosed by
clathrin-mediated pathways. However, the rapid appearance
of D6PK at CLC-labeled endosomes, presumably at the TGN
(Ito et al., 2012), and our biochemical fractionation experiments
suggest that D6PK resides constitutively on membranes. These
observations indicate that D6PK is rapidly recruited from the
plasma membrane to endosomes through an as-yet-unknown
mechanism. We hypothesize that D6PK is either transported
via a vesicle-mediated process or recruited by as-yet-unknown
but GN-regulated factors to endomembranes or the plasma
membrane (Figure 7J).
As part of our attempts to inhibit D6PK endocytosis by 1-NAA,
we noted with interest that auxin might have an effect on the dis-
tribution of D6PK within the cell. Here, we could distinguish
short-term and long-term effects, which, intriguingly, were not
uniform between different seedlings examined. Based on these
observations, we speculate that auxin may be part of a feedback
mechanism that controls D6PK distribution within the cell, e.g.,
to control auxin fluxes within the plant. This finding may thus
add a role for auxin in the control of PIN regulatory kinases and
it thereby expands the previously known repertoire of auxin
effects on controlling PIN trafficking (Robert et al., 2010), PIN
degradation (Abas et al., 2006; Baster et al., 2013), and PIN
polarity (Sauer et al., 2006).
In addition, the AGCVIII kinases phot1 and phot2 as well as the
PID/WAGs reside at the plasma membrane and were previously
observed in endomembrane compartments, suggesting that
these structurally related kinases traffic via vesicular transport
pathways (Dhonukshe et al., 2010; Kaiserli et al., 2009). Interest-
ingly, the mechanisms for the regulation and the trafficking of
these kinases are distinct: First, D6PK is not trafficking by
clathrin-mediated endocytosis as reported for phot1 (Kaiserli
et al., 2009; Kong et al., 2006). Second, in contrast to D6PK,
PID trafficking was reported to be BFA insensitive (Kleine-Vehn
et al., 2009). Additionally, we show that there is also no evidence
for an interdependency of the respective kinases because PID,
as a regulator of PIN polarity (Dhonukshe et al., 2010; Friml
et al., 2004; Huang et al., 2010; Li et al., 2011), does not affect
D6PK polarity and because PID cannot phosphorylate D6PK.
Furthermore, we previously showed that phot kinase signaling(J) Model for the plasma membrane polar targeting and role of D6PK in the cont
associated protein localizing to the basal plasma membrane where it activates
dependent growth presumably by direct PIN phosphorylation and most likely anta
and PINs, is controlled by the trafficking regulator GN and both proteins constitut
has much faster kinetics than the PINs and is independent from PIN trafficking, a
endocytosis controls PIN internalization and GN controls PIN targeting from recyc
the control of the clathrin-independent internalization of D6PK and GN-dependen
intracellular D6PK distribution, either by inducing D6PK internalization or by block
and its susceptibility to auxin suggests that this process is highly regulated and
tissues.
See also Figure S7.
Develis independent from D6PK (Ding et al., 2011; Willige et al.,
2013). We thus suggest that the plasma membrane abundance
of the different AGCVIII kinases is controlled by indepen-
dent transport mechanisms and that their functions are not
interrelated.
In summary, we propose that the abundance of the fast
cycling D6PK critically determines PIN phosphorylation, PIN
activity, and auxin transport at the plasmamembrane (Figure 7J).
Accordingly, D6PK and functionally homologous kinases such
as D6PKL1 - D6PK3 are key regulators of PIN-mediated auxin
efflux. Additionally, auxin may have an effect on the distribution
of D6PK and related kinases and this may represent a sensitive
way to reversibly control the activity of PIN-mediated auxin
efflux. Previous studies have described the modeling of auxin-
and auxin transport-dependent plant growth based on the
knowledge of the asymmetric distribution of PINs and the regu-
latory mechanisms controlling their asymmetric distribution
(Band et al., 2012; Bayer et al., 2009; Grieneisen et al., 2007;
Hosek et al., 2012; Jo¨nsson et al., 2006; Laskowski et al.,
2008; van Berkel et al., 2013). Based on our findings, future
models have to take into account the presence of regulatory
AGCVIII kinases at the plasma membrane, not only as regulators
of PIN polarity but also as critical regulators of PIN activity.EXPERIMENTAL PROCEDURES
Confocal Microscopy
Confocal microscopy was performed using an Olympus FV1000/IX81 laser
scanning confocal microscope (Olympus, Hamburg, Germany). For FM4-64
staining, seedlingswere stained in liquidmedia with 2 mMFM4-64. The respec-
tive staining regimes are specified in the figure legends. To follow the short-
term response to BFA and to minimize movement of the sample, the seedlings
were mounted on slides between two strips of double-sided Scotch tape con-
taining the respectivemedia. The root was covered with a coverslip and a drop
of media was applied to the cotyledons to avoid drying-out. After focusing, the
BFA responses were recorded in amovie with a scanning frequency of 30–60 s
per frame. Frame 1 of each movie was considered as the beginning of the
treatment (t = 0), which corresponded to a technical delay of approximately
1 min after placing the seedling on the slide immersed in the respective media.
Signal quantifications were performed using the Olympus FV1000 software
and Fiji (Schindelin et al., 2012) as specified in the respective figure legends.
Immunostaining was performed with an InsituPro Vsi (Intavis) robot as pre-
viously described (Sauer et al., 2006) using roots of 6-day-old 35S:YFP:D6PK
or 35S:YFP:D6PK 35S:PID seedlings and the following antibody dilutions:
mouse anti-GFP (1:300; Roche), rabbit anti-PIN1 (1:500; Paciorek et al.,
2005), anti-rabbit Cy3 (1:500; Dianova), and anti-mouse Alexa 488 (1:500;
Dianova).
Immunoblot Analyses
For the subcellular fractionation after BFA treatment, roots of 7-day-old seed-
lings were treatedwith 50 mMBFA in liquidmedia or the correspondent amountext of PIN-mediated auxin transport regulation. D6PK is a mostly membrane-
PIN auxin-efflux carriers. D6PK promotes PIN activity and auxin transport-
gonized by phosphatases. The plasma membrane localization of both, D6PKs
ively recycle between the plasma membrane and endosomes. D6PK recycling
s indicated by the differential width of the arrows. Whereas clathrin-mediated
ling endosomes to the plasmamembrane, the exact molecular mechanisms for
t D6PK plasma membrane targeting remains to be elucidated. Auxin alters the
ing D6PK targeting to the plasma membrane. The dynamics of D6PK recycling
essential for the control of PIN-mediated auxin transport between cells and
opmental Cell 29, 674–685, June 23, 2014 ª2014 Elsevier Inc. 683
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nized with PEB (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 mM MG132,
0.1 mM PMSF, 1% (v/v) Protease inhibitor cocktail; Sigma; and PhosStop
phosphatase inhibitor cocktail; Roche). After homogenization, extracts were
centrifuged at 10,000 3 g and the supernatant was subsequently ultracentri-
fuged at 100,000 3 g. The resulting supernatant (soluble fraction) was
collected and the pellet (membrane fraction) was resuspended in the same
volume of PEB supplemented with 1% Triton X-100 and dissolved by shaking
on an orbital shaker at 4C. After heat denaturation at 42C in 13 Laemmli
Buffer, the equivalent of 10 mg total protein was separated on 10% SDS-
PAGE gels and transferred onto nitrocellulose. The blots were probed with
anti-GFP (1:3,000; LifeTechnologies) for YFP:D6PK, anti-UGPase (1:3,000;
Agrisera) as a soluble protein control and plasma membrane H+-ATPase
(AHA2) as membrane protein control (1:4,000; a gift from Toshinori Kinoshita,
Nagoya University, Japan).
For PIN3 immunoblots, membrane protein extracts were prepared
as previously described (Willige et al., 2013). The equivalent of 10 mg total pro-
tein was separated on 10% SDS-PAGE gels and transferred to nitrocellulose.
The blots were probed with anti-PIN3 (1:3,000; Nottingham Arabidopsis Stock
Centre). Coomassie brilliant blue staining was used to control for equal
loading.
All treatments for the detection of phosphorylated forms of PIN1:GFP after
BFA and after BFA washout were performed in the presence of CHX
(50 mM). The equivalent of 10 mg total protein was separated on 10% SDS-
PAGE gels and transferred to nitrocellulose. The blots were probed with
anti-GFP (1:3,000; Life Technologies). Dephosphorylation of PIN1:GFP was
performed with l phosphatase (lPP; New England Biolabs) by incubating
350 U lPPase with 30 mg total protein extract for 15 min at room temperature.
Heat inactivated (98C for 5 min) lPPase was used as a negative control. The
dephosphorylation reaction was stopped by the addition of 53 Laemmli
buffer. Coomassie brilliant blue staining was used to control for equal loading.
Chemiluminescence detection was performed with a Fujifil LAS 4000mini (Fuji)
and signal quantifications were performed as specified in the respective figure
legends using the Fujifilm Multi Gauge v3.0 software.
Additional information is available in the Supplemental Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2014.05.006.
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